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Fixational eye movements in 60 eyes of 30 patients with ABCA4-associated Stargardt disease were recorded by a Scanning Laser Oph-
thalmoscope (SLO). The results were quantiﬁed by two new ﬁxation quality measures expressing the eccentricity of the preferred retinal
locus (PRL) non-parametrically, and ﬁxation stability by a dynamic index. 46 eyes (77%) ﬁxated eccentrically; in 32 eyes (70% of the
eccentrically ﬁxating eyes) the PRL was located above the central retinal lesion. PRL eccentricity correlated positively with logMAR
visual acuity (r = .72; p < .0001) and negatively with ﬁxation stability (r = .58; p < .0001). Multiple PRL were found only in three eyes.
 2007 Elsevier Ltd. All rights reserved.
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Stargardt disease was ﬁrst described by Stargardt (1909)
as a juvenile form of macular manifestations that ulti-
mately causes central retinal vision loss. Mutations in the
ABCA4 gene encoding a photoreceptor-speciﬁc, ATP-
binding cassette transporter are responsible for the disease
(Allikmets et al., 1997; Rivera et al., 2000).
In most patients with Stargardt disease an absolute cen-
tral scotoma prevents foveal ﬁxation. This causes the
patient to use eccentric parts of the retina to ﬁxate by
directing their gaze away from the target. With time, most
patients establish one eccentric retinal position called the0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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Augliere, 1987). Crossland, Culham, Kabanarou, and
Rubin (2005) deﬁned the PRL as ‘‘a discrete retinal area
that contains the center of a target image for more than
20% of a ﬁxation interval’’.
Eccentric ﬁxation has ﬁrst been demonstrated by ﬁxa-
tion photography (Von Noorden & Mackensen, 1962).
However, ﬁxation photographs represent snapshots and
do not allow a continuous monitoring of eye movements.
The retinal locus used for ﬁxation can be examined with
the asterisk of the direct ophthalmoscope although this
method does not allow documentation. Eye tracking sys-
tems can record relative eye movements with high spatial
and temporal resolution and can therefore quantify ﬁxa-
tion stability. However, they can determine the absolute
ﬁxation locus only if stable and central ﬁxation allows a
reliable calibration of the system, which is often not the
J. Reinhard et al. / Vision Research 47 (2007) 2076–2085 2077case in patients with central vision loss. In newer devices
like the Nidek Microperimeter 1, the fundus is imaged by
a video camera in order to monitor ﬁxation while the
patients look at a TFT ﬂat screen.
The Scanning Laser Ophthalmoscope (SLO) shows the
fundus and a stimulus (e.g. a ﬁxation cross) simultaneously
on a video monitor and is therefore best suited to docu-
ment eccentric ﬁxation. The SLO exports a video signal
that can be digitized or recorded on video tape. Further
analysis of the stored video sequences can then be per-
formed by custom software.
For measuring ﬁxation stability, several methods of eye
movement recording (search coil, infrared limbus tracker,
pupil tracker, SLO) have been established.Most recent pub-
lications have used the bivariate contour ellipse area
(BCEA) as a quantitative descriptor of ﬁxation stability
(Steinman, 1965) which can be calculated both for eye
tracker data and for SLO data (Crossland & Rubin, 2002;
Crossland, Sims, Galbraith, & Rubin, 2004a; Crossland,
Culham, & Rubin, 2004b; Crossland et al., 2005; Bellmann,
Feely, Crossland, Kabanarou, & Rubin, 2004). The BCEA
is represented graphically by an ellipse drawn around a cen-
tral proportion of points in the eye position scatter plot
where the eye is pointed for usually 68% of the time. A dis-
advantage of this measure is the fact that it is based on the
standard deviations of the eye movement data, which pre-
sumes that they are normally distributed. Contrary to the
assertion by Steinman (1965) based on ﬁndings from highly
trained subjects, this is not necessarily the case. If multiple
PRL are used, multiple local BCEAs must be computed.
Therefore, it was our goal to develop a more precise
notation, i.e. a ﬁxation quality index that conveys quantita-
tive information about the retinal location used for ﬁxation
as well as ﬁxation stability independent of the spatial distri-
bution of the ﬁxation data.2. Methods
2.1. Subjects
We examined 30 patients (60 eyes) with Stargardt disease (age 13–59,
median 31.5 years, 13 females, 17 males). The disease duration ranged
from one year to 34 years (median: 7.0 years), the refraction was between
–4.0 and +1.5 dioptres. In addition, we examined 12 healthy subjects (no
eye diseases, spherical equivalent of their refraction not exceeding ±1
dioptres, age 22–55 years, median 29.5 years, 8 females, 4 males). This
served the purpose of comparing the ﬁxation data with those from nor-
mally sighted subjects as well as of investigating the spatial relationship
between optic disc and fovea (see below). This research followed the tenets
of the declaration of Helsinki, and informed consent was obtained from
the subjects after explanation of the nature and possible consequences
of the study.
2.2. SLO measurements
A Scanning Laser Ophthalmoscope (SLO 101, Rodenstock Instru-
ments, Germany) was used to image the fundus and to present the stimu-
lus. The stimulus was generated by a frame grabber board (Matrix Vision
G1) and consisted of a black ﬁxation cross of 36 arc min width on a bright
red background of 3.6 · 104 trolands which was not enough for any of thepatients to report a glare eﬀect and which was generated by the modulated
Helium-Neon laser beam of the SLO. The subjects were asked to ‘‘look
into the SLO and ﬁxate the cross in the way you see it best.’’ The SLO
video output showing the stimulus and the retina simultaneously was
recorded on SVHS video tape for archiving purpose and later analysis.
For identiﬁcation of single video frames, an additional vertical interval
time code (VITC) was recorded.
2.2. Automatic analysis software
Quantitative analysis of the SLO video tapes requires continuous
tracking of the retinal movements in every single video ﬁeld (50 per second
in PAL). For this purpose, the ﬁxation sequence of the SLO video was dig-
itized by a frame grabber board (Pinnacle DV500) and stored as an AVI
ﬁle with 25 frames per second (in PAL, interlaced mode) providing a spa-
tial resolution of 720 · 576 pixel per frame. A higher temporal resolution
of 50 ﬁelds per second was obtained by dividing every video frame into its
two interlaced parts (i.e. video ﬁelds).
These digital video sequences were analyzed for retinal movement detec-
tion using image analysis software called VISTA that was designed in-house
and that automatically tracks the position of a user-deﬁned landmark area,
e.g. a vessel branching, in the video sequence. To minimize eﬀects of image
distortion and rotational eye movements, we selected vessel branchings
which were located as near as possible to the retinal center. Tracking was
performed oﬄine in all video ﬁelds (50 per second) inside a user-deﬁned glo-
bal region of interest. Thus, within a ﬁxation sequence of 10 s duration, the
landmarkwas tracked 500 times. The trackingmethod ofVISTA is based on
a block-matching algorithm using normalized correlation as similaritymea-
sure (Xu, Schuchard, Ross, & Benkeser, 2005). A signiﬁcant run-time accel-
eration was achieved by a hierarchical block-matching approach that
processes on diﬀerent spatial image resolution levels.
The high quality of the automatic movement detection has been proven
on several fundus videos in various applications by comparing its results
with manually produced data. Additionally, a semi-automatic interactive
post-processing control module of VISTA provided an eﬃcient quality
check which was applied to all video sequences used in this study. VISTA
exported the tracked 500 positions of the landmark into an ASCII ﬁle con-
taining its pixel coordinates. This ﬁle was imported into SPSS SigmaPlot
for graphical illustrations and into SAS JMP which was used for statistics.
2.3. Fixation locus
Our ﬁrst aim was to visualize those areas of the retina that the patient
used for ﬁxating the cross. This allowed correlating the functional aspect
of eccentric ﬁxation with fundus morphology. Therefore, we transformed
the coordinates of the vessel branching into retinal coordinates displayed
as x–y-curve showing all retinal areas that contact the cross during the
sequence (Fig. 1A–C). Because this curve shows the spatial, but not the
temporal progression of ﬁxation, x–t- and y–t-plots were added to show
the variation over time (Fig. 1D and E). The position of the PRL was
deﬁned as the medians of the horizontal and vertical distributions of the
retinal coordinates (black dot in Fig. 1C).
Our second goal was to measure the PRL’s eccentricity, i.e. its distance
to the original fovea. In advanced maculopathies, the original fovea is usu-
ally not identiﬁable on the fundus due to morphological changes. To
determine the PRL’s eccentricity, the position relative to the original fovea
has to be known or at least estimated. Although the spatial relationship of
the optic nerve head and the fovea shows inter-individual variance
(Rohrschneider, 2004), it is the best available estimate if the morphology
of the foveal region has severely changed. Hence, we measured the spatial
relationship of the optic nerve head and the fovea in 12 healthy subjects.
Using the averaged data, the position of the fovea in the Stargardt patients
was estimated and the ﬁxation locus (FL) was deﬁned as the Euclidian dis-
tance between the estimated fovea (eFov) and the PRL:
FL ¼ PRL
!
 eFov
!
 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðPRLx  eFovxÞ2 þ ðPRLy  eFovyÞ2
q
Fig. 1. Measurement of the ﬁxation locus and stability index shown as an example of patient 8. (A) The patient’s fundus as recorded by the SLO at the
time t = 0. The origin of the coordinate system is (due to technical reasons) in the upper left corner. The pink vector V
*ð0Þ leads from the origin to a vessel
branching that is used for the analysis. At t = 0, the retinal location C
*
ð0Þ ‘‘touches’’ the centre of the ﬁxation cross. (B) The patient’s fundus at a later time
t > 0 has moved several degrees towards the lower left. V
*ðtÞ is the new position of the vessel branching. The ﬁxation cross remained at its original position.
Its movement relative to the fundus C
*
ðtÞ  C
*
ð0Þ is inverted, i.e. towards the upper right direction. (C) The movements are drawn into the SLO fundus image.
Pink curve: movements of the vessel branching within the ﬁxation episode of 10 s. Red curve: areas on the fundus that ‘‘touch’’ the centre of the ﬁxation
cross within the episode. The yellow ‘L’-shaped curve shows the spatial correlation between the optic nerve head and the fovea that was calculated from
the normal subjects. The centre of the yellow ellipse shows the estimated fovea position; the extent of the ellipse represents one standard deviation. From
the estimated fovea position leads a blue ‘‘locus’’ vector of 3.7 length to a black dot which represents the x- and y-medians of the ﬁxation curve. The
yellow ‘‘stability’’ bars represent the graphical equivalent of the stability of ﬁxation (diﬀerences between the 10%- and 90%-quantiles horizontally and
vertically); the yellow number represents the numerical value of the ﬁxation stability index (FSI = 58.3%). (D and E) Vertical and horizontal plots of the
ﬁxation curve showing its time course.
2078 J. Reinhard et al. / Vision Research 47 (2007) 2076–2085The ﬁxation locus can be graphically displayed as a vector from the
estimated fovea position towards the PRL (blue vector in Figs. 1C and 2).
2.4. Fixation stability and its graphical and numerical equivalent
The third aim was to show ﬁxation stability graphically and to quan-
tify it by a numeric value. Fixational eye movements can have an asym-
metric distribution, so that mean and standard deviation are not
appropriate descriptors of ﬁxation stability. Instead, we displayed the
10%- and the 90%-quantile as horizontal and vertical bars on the fundus
(yellow bars in Fig. 2).
For quantiﬁcation by a single parameter, we implemented a new mea-
sure of stability, which is not dependent on a normal distribution of the
ﬁxation data (see above) and which quantiﬁes ﬁxation stability reliably,
even if multiple PRL are present. Our measure of stability was derived
from the concept described by Whittaker, Budd, and Cummings (1988),
but gained higher precision by counting the number of diﬀerent pixel coor-
dinates that occurred during a ﬁxation trial divided by the total number of
pixel coordinates that were successfully tracked (usually 500, in case of
blinks less than 500). For each eye, we deﬁned a ﬁxation stability index
(FSI):
FSI ¼ 1 no: of different pixel coordinates
total no: of tracked pixel coordinates
 
 100%
An ideally ﬁxating eye would reach an FSI of 100%. The number of
distinct pixel coordinates (or sites) visited is a well-known concept in the
theory of random walks (Dvoretzky & Erdo¨s, 1950).
2.5. Statistical models
In order to test goodness-of-ﬁt for a bivariate normal distribution of
the ﬁxation data we used the chi-square test. Because the v2 statistic is
questionable for expected values less than ﬁve the data were suitablygrouped. Since we perform the goodness-of-ﬁt-test for each of the 84 eyes
separately we applied the method of Bonferroni–Holm in order to adjust
the signiﬁcance of the p-values. The expected frequencies for each pixel
were calculated by using the statistics package R. In order to describe
the regression between the new FSI and the BCEA values we transformed
the FSI values into their corresponding logit values:
logit ¼ ln FSI
100 FSI
This transformation was used in order to obtain normally distributed
residuals. Since the variance of the BCEA values depended strongly on the
logit values we applied the optimal Box–Cox transformation in order to
stabilize the variance. For the regression model we took into account
the ﬁxed factor ‘‘group’’ (normal controls and Stargardt patients) and
the random factor ‘‘individual’’ which is nested under the factor ‘‘group’’.
This was necessary because each individual contributed two eyes to the
data set. Since the interaction between the factors logit and group turned
out to be non-signiﬁcant (p = .88), it was ignored in the model. The opti-
mal Box–Cox transformation has the following formula:
BCEAtransformed ¼
1 1
BCEA0:2
0:0004385
The model explains 97.4% of the variability. For graphical display the
estimated regression lines are transformed back and are shown in a semi-
logarithmic graph together with the observed values.
2.6. Mutation analysis in the ABCA4 gene
To conﬁrm the clinical diagnosis, a subset of 23 patients was screened
for alterations in the ABCA4 gene. DNA was extracted from peripheral
blood according to standard protocols. All 50 exons of the ABCA4 gene
were analyzed by a combination of denaturing gradient gel electrophoresis
(DGGE), denaturing high-performance liquid chromotography
Fig. 2. Schematic diagram of the ﬁxation quality index consisting of quantitative information about the eccentricity of the ﬁxation locus (FL) and ﬁxation
stability (FSI). The position of the fovea is estimated graphically by two concentric rings aligned with the optic nerve head. The concentric rings are
connected by an ‘L’-shaped curve representing the spatial relationship of optic nerve head and fovea in normal subjects. The right end of the curve points
to the estimated fovea position within the macular lesion. The areas of the retina that the patient uses for ﬁxation are displayed as the red curve. The
median of the ﬁxation data represent the position of the PRL. A blue vector points from the estimated fovea to the PRL; its length is deﬁned as the ﬁxation
locus FL, i.e. the eccentricity of the PRL. Fixation stability is measured by the index FSI = 72.4%, displayed as a yellow number.
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ysis as described in detail elsewhere (Rivera et al., 2000). Brieﬂy, each exon
was subjected to PCR ampliﬁcation with oligonucleotide primers designed
to amplify the coding region and splice junctions. For DGGE, the PCR
products were electrophoresed on a 6% polyacrylamide gel containing a
20–70% (exons 1, 3, 4, 6, 7, 9, 12–16, 18–26, 28, 29, 31, 33, 25–37, 39–
43, 45–48, 50) or 0–70% (exons 2, 5, 17, 32, 34) gradient of urea and form-
amide. To optimize the sensitivity in mutation detection, the PCR prod-
ucts corresponding to exons 8, 27, 30, 38, 44 and 49 were also subjected
to DHPLC (Liu, Smith, Rechtzigel, Thibodeau, & James, 1998). For
SSCP (exons 10 and 11), the PCR ampliﬁed fragments were analyzed on
a 6% non-denaturing polyacrylamide gel with 5% glycerol at 4 C. For
each technique used, all aberrant fragments were directly DNA sequenced
by the PRISM Ready Reaction Sequencing Kit (Perkin-Elmer-Cetus) and
an AB310 automated sequencer.Fig. 3. ‘‘Fixation quality map’’ of all patients who ﬁxated eccentrically. The lef
by the estimated fovea position. From the center, a vector leads to the ﬁxation l
black dots. The grey bars indicate the stability of ﬁxation graphically (diﬀeren
clearly visible that the majority of patients shifted their PRL towards the upper
the ﬁxation locus and stability (i.e. the length of the grey bars).3. Results
3.1. Fixation quality in normal subjects
As expected, all normal subjects ﬁxated foveally, i.e. the
medians of the ﬁxation curve were at the same position as
the foveal reﬂex determined morphologically in the SLO.
However, the SLO does not allow to localize the foveal
reﬂex with an accuracy of a pixel. Using the ‘L-curve’, its
spatial uncertainty would have produced a non-zero FL
for even the normal subjects. Therefore, we set the
FL = 0 in all normal subjects because we were sure thatt panel shows all right eyes, the right panel all left eyes. The center is given
ocus given by the median of the ﬁxation curve on the fundus marked by the
ces between the 10%- and 90%-quantiles horizontally and vertically). It is
retina. Furthermore, it can be seen that there is no explicit relation between
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visual acuity (20/20 or higher). The ﬁxation stability index
FSI ranged from 81.6% to 96.2% (mean: 91.5%).
3.2. Determination of the spatial relationship of the fovea
and the optic nerve head
In the 12 normal subjects (24 eyes) we obtained the fol-
lowing mean distance between the centre of the optic nerve
head and the foveola: horizontally 15.49 ± 1.01; verti-
cally: 1.49 ± 0.79 (means ± standard deviation).
In the Stargardt patients with eccentric ﬁxation, we drew
an ‘L’-shaped curve on the fundus originating from the
center of the optic disc and leading to the fovea with
15.49 length and 1.49 height originating from the centre
of the optic nerve head as displayed in Fig. 2. Thus we
could estimate the position the original fovea serving as
the origin for determination of the ﬁxation locus.
3.3. PRL eccentricity and ﬁxation stability in Stargardt
patients
Of the 30 Stargardt patients, 22 patients (73%) ﬁxated
eccentrically with both eyes, six patients (20%) ﬁxated cen-
trally with both eyes and two patients (7%) ﬁxated centrally
with their right eye and eccentrically with their left eye.
These 46 eyes which ﬁxated eccentrically, had a PRL
with an eccentricity ranging from FL = 0.77 to 17.17
(mean: 7.45) to the original fovea. In 32 eyes (70%) the
PRL was located above and in 5 eyes (11%) below the ori-
ginal fovea, in 7 eyes (15%) left of, and in 2 eyes (4%) right
of the original fovea.
The mean ﬁxation stability index FSI in the 14 cen-
trally ﬁxating eyes was 84.6% (which was 6.9% worse
than the normals, p = .0006). In the 46 eccentrically ﬁx-
ating eyes, the mean FSI was 68.6% (i.e. 16.0% worse
than the central ﬁxation group, p < .0001). The stability
of ﬁxation, the direction and the distance of the PRL
in relation to the (estimated) position of the original
fovea are shown in Fig. 3. All clinical data of the
patients are shown in Table 1.
3.4. Distribution of the ﬁxation data
According to the Pearson’s v2 goodness-of-ﬁt test, none
of the patients and none of the normal subjects had
normally distributed ﬁxation data (p < 0.05), even if we
adjust the p-values according to Bonferroni–Holm. Out
of the 84 eyes 80 had p-values less than .0001. The largest
p-value (.0355) was found for the right eye of patient 30.
3.5. Relation between eccentricity of the PRL and ﬁxation
stability
In those 46 eyes who ﬁxated eccentrically, the logit of
the ﬁxation stability showed a weak but signiﬁcant neg-
ative correlation with the eccentricity of the PRL(r = .32; p = .031). The stability index could vary
between patients even if they had similar clinical data
and similar eccentricities. An example is shown in
Fig. 4A and B.
3.6. Multiple PRL
In three eyes of two patients, multiple PRL were found
in 3D ‘‘dwell time histograms’’ (Whittaker et al., 1988). In
our implementation of this concept, the height of bars
showed cumulative target time spent on a retinal location
(MacKeben & Gofen, 2007). A cluster of bars was assumed
to represent a PRL if the target spent at least 20% of the
trial duration there. Patient 2 had two PRL in her left
eye that were 9.3 apart; patient 21 had two PRL in both
eyes that were 11.2 (right eye) and 12.2 (left eye) apart.
In all three eyes, ﬁxation changed between a location above
the macula and a location left of the macula. The right ret-
ina of patient 21 is shown in Fig. 4C as an example for mul-
tiple PRL.
3.7. Relation between FSI and BCEA
The regression curves describing the BCEA values as a
function of FSI are as follows:
Normal controls:BCEANormal ¼ 1
0:2504þ 0:1204  ln FSI
100FSI
 5
Stargardt patients:
BCEAStargardt ¼ 1
0:1952þ 0:1204  ln FSI
100FSI
 5The coeﬃcient of determination was r2 = .97 if the var-
iability among the individuals was taken into account and
r2 = .90 if the variability among the individuals was
ignored. The diﬀerence of the constant term in the denom-
inator of the equations for the two groups is signiﬁcant
(p = .0148). The relationship between FSI and BCEA is
shown in Fig. 5.
3.8. Relation between visual acuity, ﬁxation locus and
ﬁxation stability
The logMAR acuity showed a statistically signiﬁcant
correlation with the ﬁxation locus FL (r = .72;
p < .0001), with the FSI (r = .58; p < .0001), and with
the logBCEA (r = .51; p < .0001). Performing linear
regressions, the FL was found to have the highest coef-
ﬁcient of determination (r2 = .52), not as good as FSI
(r2 = .33). The lowest coeﬃcient of determination was
found by the linear regression between logBCEA and
logMAR acuity (r2 = .26). The relations of visual acuity
with FL, with the FSI and with the BCEA are displayed
in Fig. 6.
Table 1
Clinical and molecular genetics data for all the 30 Stargardt disease patients analyzed in this study
Pat.
no.
Gender Age Eye Dis.
dur.
VA FL
(deg)
FSI
(%)
BCEA
(arc min2)
No. of
PRL
ABCA4
allel1 exon
mut 1 ABCA4
allel2 exon
mut 2
1 m 32 OD 2 0.4 0.0 90.0 211.0 1 48 L2241V n.f.
OS 2 0.6 0.0 90.0 181.6 1
2 f 55 OD 29 0.1 9.7 60.3 9874.6 1 — — — —
OS 29 0.1 6.8 67.5 68260.1 2
3 f 38 OD 16 0.05 6.4 73.7 4962.8 1 14 W663X 42 G1961E
OS 7 0.4 0.0 90.9 143.5 1
4 m 23 OD 7 0.1 5.7 81.8 664.3 1 40 R1898H 43 G1975R
OS 6 0.1 7.0 80.6 594.2 1
5 m 16 OD 7 0.05 7.4 81.0 1052.0 1 12+21 L541P+ 40 IVS40+5
OS 7 0.05 5.0 73.3 11500.0 1 A1038V G->A
6 m 34 OD 34 0.1 0.0 76.2 924.2 1 n.f. n.f.
OS 34 0.1 0.0 74.3 1106.2 1
7 m 17 OD 11 0.1 3.1 79.1 3517.6 1 — — — —
OS 11 0.1 3.6 70.0 2226.1 1
8 m 46 OD 14 0.5 3.6 80.6 3986.2 1 11 E471K 42 G1961E
OS 14 0.2 3.7 58.3 40731.5 1
9 f 26 OD 15 0.1 6.0 70.5 3215.2 1 17 G863A n.f.
OS 15 0.1 8.5 56.5 14734.9 1
10 f 19 OD 2 0.1 7.9 65.7 3260.0 1 3 P68L 36 S1689P
OS 2 0.1 7.0 63.9 2964.8 1
11 f 34 OD 30 0.4 0.0 88.2 234.1 1 28 E1399K 42 G1961E
OS 30 0.4 0.0 87.9 350.0 1
12 m 59 OD 5 0.1 5.2 79.2 1715.5 1 42 G1961E n.f.
OS 5 0.1 4.4 75.0 3839.5 1
13 m 35 OD 20 0.05 9.7 72.9 8164.8 1 17 G863A 37 Q1750X
OS 20 0.05 10.3 64.9 9820.4 1
14 m 43 OD 29 HM 16.0 58.5 18228.0 1 17 G863A 37 Q1750X
OS 29 HM 15.6 42.1 14173.5 1
15 f 32 OD 10 0.05 6.5 61.3 10195.5 1 21 A1038V n.f.
OS 10 0.05 5.0 56.7 7560.7 1
16 m 46 OD 4 0.05 8.5 51.1 8641.6 1 12+21 L541P+ 17 G863A
OS 4 0.3 5.0 51.1 19827.1 1 A1038V
17 m 43 OD 3 0.5 0.0 90.7 190.9 1 — — — —
OS 3 0.7 0.0 81.9 402.2 1
18 f 31 OD 27 1/15 9.8 69.3 2268.5 1 22 R1108C n.f.
OS 27 0.1 17.2 60.9 4237.0 1
19 f 23 OD 5 0.05 6.0 72.9 3751.2 1 28 E1399K 43 G1977S
OS 5 0.05 6.2 74.8 3578.9 1
20 f 16 OD 5 0.1 6.0 75.8 708.0 1 22 R1108C n.f.
OS 5 0.1 5.4 82.4 449.6 1
21 m 38 OD 23 0.1 8.2 53.7 53733.8 2 — — — —
OS 12 0.1 6.2 60.3 80873.8 2
22 m 40 OD 6 0.05 16.6 60.8 11677.8 1 14 R681X n.f.
OS 6 0.1 10.0 60.6 5134.5 1
23 f 24 OD 3 0.1 6.7 90.5 577.8 1 6 G768T/ n.f.
OS 3 0.1 7.1 83.6 3015.2 1 splice
24 m 13 OD 3 0.05 6.9 65.2 1882.7 1 — — — —
OS 3 0.05 7.3 53.7 3844.3 1
25 f 39 OD 34 HM 7.0 54.3 24440.2 1 n.f. n.f.
OS 34 1/60 10.6 77.6 1245.6 1
26 f 27 OD 2 0.2 0.0 91.8 127.4 1 17 G863A 28 Q1412X
OS 2 0.6 0.0 94.9 69.2 1
27 m 25 OD 1 0.3 0.0 70.7 5670.4 1 n.f. n.f.
OS 1 0.4 0.0 75.6 764.9 1
28 m 17 OD 3 0.2 0.8 67.3 4244.1 1 — — — —
OS 3 0.3 0.0 80.6 2429.2 1
29 m 28 OD 2,5 0.1 5.4 80.8 795.0 1 — — — —
OS 2,5 0.1 4.2 64.3 2101.1 1
30 f 27 OD 20 0.1 6.7 88.2 183.6 1 G1961E G1961E
OS 20 0.1 10.9 81.0 448.2 1
Dis. dur., disease duration (years); HM, recognition of hand movements; VA, visual acuity in European decimals.
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Several authors have reported that ﬁxational eye move-
ments are characterized by a sequence of slow drifts andmicrosaccades resembling a nystagmoid pattern (Møller,
Laursen, & Sjølie, 2006; Nachmias, 1959, 1961; Steinman,
Haddad, Skavenski, & Wyman, 1973). While Steinman
et al. (1973) saw both kinds of movement in all centrally
ﬁxating subjects, Whittaker et al. (1988) reported their
occurrence as ‘‘idiosyncratic from subject to subject’’ while
all their subjects used eccentric viewing due to artiﬁcial as
well as naturally occurring scotomata.
In the current study, we judged nystagmoid eye move-
ment sequences as present if at least three complete periods
occurred per ﬁxation episode. We found such patterns in
20/30 Stargardt patients. Examining a possible relationship
between the occurrence of the drift/micro-saccade pattern
(yes vs. no) and the duration of the disease, a simple expo-
nential model yields an annual rate increase of
lambda = 0.13 and a median time to ﬁrst occurrence of
5.4 years. The parameter is obtained by the maximum like-
lihood method.
The goodness of ﬁt can be shown by forming three
patient groups (n = 10 each) depending on the duration
of the disease: Group A: 0–4 years, group B: 5–15 years,
group C: 16 years and above. The mean probability of
the occurrence of the characteristic pattern for the three
groups were then calculated to be p = .5, .7 and .8 for
the groups A, B and C, respectively.3.10. Mutation analysis in the ABCA4 gene
ABCA4 alterations were detected in 20 of the 23 patients
studied. Two disease alleles were identiﬁed in 12 subjects
whereas only a single mutant allele was detectable in 8
patients (Table 1). The numbers of identiﬁed mutations
are insuﬃcient to calculate a correlation between mutation
and clinical phenotype.4. Discussion
Quantifying eccentric ﬁxation by estimating the location
of the PRL relative to the original fovea is the best avail-
able measure for patients with maculopathies and morpho-
logic changes in the central retina. The estimate can be
based on data from normally sighted subjects, as demon-Fig. 4. (A and B) Example of two patients who have similar clinical data
and comparable eccentricity, but very diﬀerent ﬁxation stability. (A) The
right eye of patient 23 is shown with an eccentricity of the PRL of
FL = 6.7, a shift of the PRL upwards and high ﬁxation stability index
FSI of 90.5% which is comparable to those of normal subjects. (B) the
right eye of patient 15 with a nearly identical FL, but much less stable
ﬁxation (FSI = 61.3%) (the fellow eyes of these patients had similar
ﬁxation stability). (C) Example of one of the three eyes that had multiple
PRL (right eye of patient 21). The patient repeatedly changed between two
loci with similar eccentricity. The extents of the yellow bars indicate that
PRL 1 located above the original fovea is more stable than PRL 2 located
temporal of the original fovea. The x–t- and y–t-plots indicate that the
image of the ﬁxation mark spent more time on PRL 1 than on PRL 2.
Both PRL have nearly the same eccentricity (8.2 and 8.6); the Euclidic
distance between them is 11.2.
b
Fig. 5. Graph showing the relationship between the ﬁxation stability index FSI and the BCEA for normal subjects (grey dots and grey line) and patients
(black dots and black line). The relation was ﬁtted with two formulas displayed in the Results section. The three eyes with multiple PRL (black circles) are
outliers because the BCEA is much more inﬂuenced by ﬁxational changes between the PRL than the FSI.
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and our own data, which are in good accordance (Timber-
lake introduced a method to correct for the distortion of
SLO images, whereas Rohrschneider’s and our data are
based on the normal, raw SLO images). We combined this
method of determination with a new descriptor of the PRL
that is not dependent on a normal (Gaussian) distribution
of the eye position data like the BCEA and therefore moreFig. 6. Visual acuity (logMAR) correlated signiﬁcantly to ﬁxation locus FL, to
was found to have the highest coeﬃcient of determination (r2 = .52), not as go
the linear regression between logBCEA and logMAR acuity (r2 = .26).realistic. We found no normal distribution of the ﬁxation
data in any of our patients and normal subjects. Moreover,
we added the ﬁxation stability index (FSI) as a dynamic
measure of the steadiness of ﬁxation. It is based on the
eye movement analysis in continuous SLO video sequences
of 50 ﬁelds per second. It is noteworthy that the FSI
showed a better correlation with visual acuity than the
BCEA (see Fig. 6).ﬁxation stability FSI and to BCEA. Performing linear regressions, the FL
od as FSI (r2 = .33). The lowest coeﬃcient of determination was found by
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who ﬁxated eccentrically, used a PRL that was located
above the lesion on the retina, which is below the scotoma
in visual space. Based on the clinical diagnosis, these values
are comparable with our previous studies (Altpeter,
Mackeben, & Trauzettel-Klosinski, 2000; Messias, Rein-
hard, Cruz, Dietz, & Trauzettel-Klosinski, 2007; Trauzet-
tel-Klosinski & Tornow, 1996) and the cohort of
Rohrschneider, Glu¨ck, Blankenagel, and Vo¨lcker (1997)
who investigated 21 patients (40 eyes) in an SLO study of
Stargardt disease. The authors reported a placement of
the PRL towards the upper retina in 19 eyes and towards
the left in 5 eyes.
In the literature on other maculopathies, there are con-
ﬂicting reports about PRL locations: Guez, Le Gargasson,
Rigaudie`re, and O’Regan (1993) developed a fundus-ori-
ented classiﬁcation of ﬁxation locus and examined 24
patients (40 eyes) with diﬀerent macular diseases. They
determined the location of the pseudo-fovea by observing
the SLO videos and found it in 15% in the centre, in 15%
superior to, and in 60% in the left visual ﬁeld relative to
the central scotoma. In 10% of the eyes, the PRL changed
between central and superior. None of the patients used a
pseudo-fovea inferior to the scotoma on the retina. How-
ever, locus and stability of ﬁxation were not quantiﬁed in
this study.
An SLO study by Sunness, Applegate, Haselwood, and
Rubin (1996) found a preference to place the PRL on the
right side in 63% of the eyes of patients with geographic
atrophy. They found a shift towards the upper retina in
only 22% of the eyes.
Fletcher and Schuchard (1997) developed a PRL scoring
system for their SLO study of 825 low vision patients suf-
fering from diﬀerent eye diseases that consisted of ﬁve
scores for ﬁxation stability. The authors found an estab-
lished PRL in 1130 of 1339 eyes. Fixation was not deter-
mined by a tracking mechanism but by single snapshots:
the patients were asked to ﬁxate a cross and the PRL loca-
tion was determined by the investigator qualitatively. The
PRL lay below the scotoma in 39% of the eyes, left of in
34%, right in 20% and only in 7% above the scotoma.
However, intuitively and theoretically, placing the PRL
below the scotoma seems like a favorable strategy for the
patient, especially for reading and rehabilitation purposes.
Interestingly, Fletcher and Schuchard (1997) found in 54%
of their patients that they placed the PRL left or right of
the scotoma, which may reﬂect an attentional preference
(Altpeter et al., 2000) This PRL placement means that
the patient has to perform either forward or backward sac-
cades into the scotoma during reading, which could ham-
per the reading process. However, Crossland et al. (2005)
and Fletcher, Schuchard, and Watson (1999) found that
reading speed is not aﬀected by the PRL location.
A main result of our study is that there was only a weak
correlation between the eccentricity of the PRL and ﬁxation
stability. There were several patients who had very stable
ﬁxation comparable to a normal subject although they useda PRL far away from the original fovea; others showed very
unstable ﬁxation with a PRL at the same eccentricity and
comparable clinical data (two examples are shown in
Fig. 4A and B). Thus, our results are in accordance to those
of Timberlake et al. (1986). The hypothesis for maculopa-
thies that ﬁxation gets more unstable with increasing eccen-
tricity of the PRL (Sansbury, Skavenski, Haddad, &
Steinman, 1973;Whittaker et al., 1988) cannot be conﬁrmed
for patients with Stargardt disease. The evaluation of the
time since the onset of the disease and its correlation with
PRL eccentricity and stability did not show a signiﬁcant cor-
relation. This disease is characterized by an early onset at the
age of 10–30 years, a slow progression and symmetry
between both eyes; therefore the Stargardt patients are most
likely able to develop a better compensation strategy than
the patients with age-related macular degeneration.
Our results show that there are only three out of 60 eyes
that developed more than one PRL. The study by
Rohrschneider et al. (1997) found a change of gaze between
the fovea and a PRL in only 8 of 40 eyes of Stargardt
patients, but they did not report a change between two or
more PRL. Duret, Issenhuth, and Safran (1999) examined
two patients with bilateral central scotomas with the SLO.
They found two PRL in one patient and three PRL in the
other, each PRL having a speciﬁc function. Crossland
et al. (2004a, 2004b) used an infrared bright-pupil tracker
system to measure ﬁxation behavior and derived a kernel
density of the ﬁxation data. The kernel density was graphi-
cally displayed as contour plots. The ﬁxation stability was
quantiﬁed by global and local BCEAs. In that study, Cross-
land et al. reported the existence of multiple PRL in ﬁve of
the investigated eight adults with AMD (seven patients)
and Stargardt disease (one patient). In two of their AMD
patients, they found three PRL per aﬀected eye (time since
vision loss: four, respectively, 12 weeks). Although the con-
tour plots are convincing and he reported high reproducibil-
ity of his data, the high number of PRL in the majority of
patients is surprising. In this study, the use of an eye tracker
did not allow the correlation to fundus morphology. In
another, longitudinal study with AMD patients with recent
vision loss in their better eye, Crossland et al. (2005)
reported that the number of patients using only one PRL
rose from 36% to 56% within one year.
This indicates that the shorter disease duration, the
often rapid progression and the irregular morphologic
changes in AMD make it more diﬃcult to establish one
PRL.
Thus, we tentatively conclude that the existence of mul-
tiple PRL may be an expression of an unstable transitional
stage of patients who developed macular disease recently.
Some of them tend to test several gaze directions to ﬁnd
the best retinal locus to solve diﬀerent tasks. Our results
indicate that for most patients with long-lasting maculopa-
thies, it seems to be an unfavorable strategy to keep several
PRL to solve one task.
Furthermore, we saw that sequences of ﬁxational drifts
and microsaccades in the opposite direction can also occur
J. Reinhard et al. / Vision Research 47 (2007) 2076–2085 2085in patients with Stargardt disease, like they have been
reported for patients with age-related maculopathies (Whit-
taker et al., 1988). However, their scarcity in our patients
seems to indicate that the predominant use of eccentric
viewing in this cohort can interfere with their generation.
Thus, it is conceivable that the mechanism underlying
the alternation of the drifts and microsaccades is originally
of foveal origin and that it is rarely transferred to a PRL.
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